INTRODUCTION
Exposure to cigarette smoke and/or other toxic environmental agents can initiate sterile inflammation in the lungs of asymptomatic smokers. Animal models have confirmed a causal role for smoke in lung destruction. 1, 2 Activation of the immune system also occurs in atherosclerosis and lung cancer, two other diseases associated with cigarette smoking, suggesting that immune mediators that promote sterile inflammation may play a significant role in the pathophysiology of these diseases as well. 3, 4 Acute exposure to cigarette smoke induces rapid recruitment of neutrophils into the airways, a process that requires signaling through TLR4, upregulation of interleukin 1 receptor 1 (IL-1R1), and activation of inflammasome pathways. 5, 6 Cigarette smokeactivated alveolar macrophages produce IL-1b that helps to perpetuate lung inflammation; with time, the inflammation becomes independent of TLR4 signaling. 5, 7 Thus, although it is clear that acute cigarette smoke exposure activates early pro-inflammatory pathways, the additional stimuli that, even after smoke inhalation stops, cause this inflammatory response to persist and induce acquired immune responses to lung tissue elements remain poorly understood.
Recently, we and others have reported suggestive evidence that support how cigarette smoking may induce autoimmune responses in humans and animal models of emphysema. 2, 8 Specifically, in addition to neutrophils and macrophages, cellular elements of the innate immune system, we and others have shown that adaptive immune responses involving T helper type 1 (Th1) and Th17 cells are a prominent feature of the pulmonary response to smoke in current and former smokers with emphysema; 9-11 the presence of autoreactive T cells is associated with decline in lung function. 12 Similarly chronic exposure to cigarette smoke increases the numbers of Th17 cells in the lungs and fosters emphysema in mice. 10, 13 Consistent with a pathogenic role for Th17 cells in emphysema, genetic ablation of IL-17A or IL-17R protects mice against smoke-induced emphysema. 10, 14, 15 The mechanisms responsible for recruitment and activation of myeloid dendritic cells (mDC) in response to cigarette smoke are not well understood. 10, 16 Although both Th1 and Th17 cells are critical in emphysema pathogenesis, activated mDCs expressing high levels of MHC-II, CD11b, and CD11c drive the differentiation of these pathogenic T cells and can alone induce disease when transferred to naïve mice. 10 Collectively, the complement proteins, among the most potent and heavily regulated innate immune factors, play key roles in acute and chronic inflammatory responses. 17 In particular, complement protein 3 (C3), an essential component of the host defense system, has been shown to provide some of the most potent chemotactic responses in acute inflammation. 18, 19 C3a, an active cleaved product of C3, binds to its receptor (C3aR), a seven transmembrane signaling molecule expressed on mDCs, and is essential in development of allergic lung inflammation and in models of acute pneumonia. [20] [21] [22] [23] Whether C3 or its activation products play a role in the pathogenesis of sterile inflammation in response to cigarette smoke remains unclear.
In this report, we explored the role of complement C3 in a mouse model of cigarette smoke-induced emphysema. We show that mice deficient in C3, develop attenuated responses to chronic cigarette smoke exposure characterized by reduced recruitment of CD11b þ CD11c þ mDCs in the lungs and reduced emphysema. We further describe a new proteasedependent pathway for C3a generation in which neutrophil elastase (NE) and, to a lesser degree, matrix metalloproteinase 12 (MMP12), cleave C3 to release C3a. We further show that C3a acts on mDCs to upregulate cell-surface expression of the C3aR. Finally, we confirm the prominent deposition of C3 in the lungs of smokers with emphysema.
RESULTS

C3 is required for development of smoke-induced emphysema
Complement is activated in human sera exposed to cigarette smoke; the chemotaxins generated include both C3a and C5a. 24 To evaluate whether activation products of C3 play a role in the inflammatory response that results in emphysema, we exposed wild-type (WT) and mice deficient in C3 (C3 À / À ) to cigarette smoke or air for 6 months. 10, 25 Hematoxylin and eosin staining of lung sections, micro-computed tomography (microCT) quantification as well as unbiased stereologic morphometry 25 of the lungs following chronic cigarette smoke exposure showed less lung volume enlargement (emphysema) in C3 À / À as compared with WT mice (Figure 1a We found significantly fewer macrophages and neutrophils in the BAL fluid of C3 À / À compared with WT mice treated the same way (Figure 1d) . Although Mmp9 and Mmp12 mRNA expression was increased in the BAL fluid cells of cigarette smoke-exposed WT relative to air-exposed mice, we found significant less induction of these pro-inflammatory genes in smoke-exposed C3 À / À mice (Figure 1e, f) .
Given the relative B-cell-mediated immune deficiency in C3
À / À mice, 26 we examined the possibility that these results could be explained by an occult infection or abnormal immunoglobulin G (IgG) levels. Serial culture of whole-lung homogenates and BAL showed no evidence for bacterial infection in the experimental mice and although serum IgG concentrations were increased in response to smoke, they were not significantly different from those in WT mice (Supplementary Figure S1b) .
We have previously shown that exposure to cigarette smoke recruits mDCs marked by high expression of MHC-II, CD11b þ , and CD11c þ into the lung. 10 In concordance with the reduction in emphysema in smoke-exposed C3 À / À mice, there were fewer mDCs expressing CD11c and CD11b (Figure 1g, h) , as well as decreased relative abundance of Th17 cells in the lungs of these mice (Figure 1i ). In contrast, we found no significant differences in the relative abundance of IL-17A-producing gd T cells (Figure 1j) .
Expression of IL-6 and IL-1b, two cytokines that are critical for Th17 cell differentiation, 27 were significantly reduced in BAL fluid cells (e.g., macrophages, neutrophils, lymphocytes, and mDCs) of C3 À / À mice exposed to cigarette smoke (Figure 1k-l) . BAL fluid cells and isolated lung CD11c 
CD11b
þ cells recovered from C3-deficient mice exposed to cigarette smoke also showed reduced CD86 expression, a co-stimulatory molecule important for T-cell activation, and C3aR expression (Figure 1m, Supplementary Figure S1c, d) . In whole-lung homogenates, we found significantly reduced IL-6 protein and increased TGF-b in C3 À / À mice exposed to cigarette smoke (Figure 1n, o) . KC concentrations in the BAL fluid of C3 À / À mice exposed to cigarette smoke was also reduced when compared with WT mice (Figure 1p) . Together, these findings suggest that C3 contributes significantly to both the recruitment and activation of immune cells into the lungs of smoke exposed mice and the induction of emphysema.
NE cleaves and activates C3
NE, a serine proteinase, has been shown to cleave C3 protein and generate C3d; 28 binding of C3d to antigens may enhance antigen presentation and dendritic cell activation thereby facilitating an adaptive immune response to the C3d-linked antigen. 29 To test the hypothesis that NE and/or other pro-inflammatory proteinases associated with smoke-induced emphysema can generate activated C3 fragments, we examined the ability of activated recombinant (r)NE, MMP12, and MMP9 to cleave C3 in vitro. We found that rNE efficiently cleaved purified human plasma C3 and generated in a dose-dependent manner a number of active cleavage products including C3a (Figure 2a ) and C3d (Supplementary Figure S2a) . Human MMP12 and cathepsin G, but not proteinase 3, cleaved C3 and generated C3a and C3c fragments (MMP12), albeit less efficiently, when compared with NE ( Figure 2b and Supplementary Figure S2b-d) . Although MMP9 is also highly upregulated in response to smoke and has been implicated in the pathophysiology of human emphysema, it failed to cleave C3 even at the highest concentration tested ARTICLES MucosalImmunology | VOLUME 8 NUMBER 4 | JULY 2015 (10 mg/ml; Supplementary Figure S2b ) indicating some serine proteinases (e.g., NE, cathepsin G) and metalloproteinases (e.g., MMP12) can cleave C3 to generate several active fragments (e.g., C3a, C3c, and C3d).
To evaluate the functional significance of cleaved C3 fragments, we examined in vitro the migration of human and mouse mDCs in response to NE-or MMP12-mediated cleavage of purified fragments of C3. Both mouse bonemarrow-derived dendritic cells (BMDCs) (Figure 2c ) and human monocyte-derived dendritic cells (Figure 2d ) migrated in response to NE-cleaved, but not to MMP12-cleaved, C3 fragments suggesting that the efficient cleavage of C3 by NE likely plays a more important role in mDCs recruitment into the lungs. Given the importance of C3 in emphysema development and recruitment of lung mDCs, we next asked whether activated C3 fragments generated by NE and MMP12 could stimulate the expression of the C3a receptor. To address this question, we measured the expression of C3ar1 mRNA in BAL fluid inflammatory cells. We have previously shown an increase in CD11b þ CD11c þ mDC population in BAL and lung parenchyma of mice exposed to smoke. 10 Similarly, we found increase in C3aR expression on CD11b þ CD11c þ mDC population in BAL of WT mice exposed to smoke (Supplementary Figure S3) . Consistently, WT but not C3 À / À BAL cells showed a fivefold increase in C3ar1 mRNA expression in response to À / À mice is the inability to produce C3 in the latter, these results strongly suggest that the upregulation of C3aR in the former is a consequence of the stimulation provided by C3a, some other C3 breakdown product, or another complement activation fragment downstream of C3 produced during exposure to cigarette smoke. Consistent with this hypothesis, we found that CD1a þ mDCs, isolated from lung tissue of active or former smokers irrespective of emphysema significantly increased C3aR expression in response to C3a stimulation ( Figure 3i and Supplementary Figure S4a, b) . Together, our findings confirm an autocrine/paracrine C3a/C3aR axis in humans and in mice.
Attenuated chemotactic responses to cigarette smoke in C3aR deficiency
We have previously shown that CD11c þ mDCs are recruited into the lungs of mice exposed to chronic smoke. Given the robust C3-dependent increase in C3aR expression, we next examined whether direct activation of the C3aR could promote recruitment of lung mDCs. As expected, a C3aR agonist (CAS 944997-60-8) significantly increased the migration of WT BMDCs when compared with vehicle control (Figure 4a ). We found that BAL fluid from WT mice exposed to chronic smoke also resulted in significantly enhanced BMDC migration, when compared with the BAL fluid obtained from C3 À / À mice treated the same way ( Figure 4b ). We next tested the kinetics of C3aR-mediated migration by measuring BMDC chemotaxis towards BAL fluid over 1 h. We found that although the migration of BMDCs lacking C3aR increased over time toward chemotaxins in BAL fluid from WT mice exposed to cigarette smoke, the response was significantly less than that of BMDCs isolated from WT mice ( Figure 4c ). Together these data suggest that the C3aR plays a critical role in the migration of DC to the lung in response to cigarette smoke. Purified human C3 (100 mg/ml) was cleaved with different concentrations of human (a) NE (10 mg/ml, 1 mg/ml, 0.1 mg/ml) and (b) MMP12 (10 mg/ml, 1 mg/ml, 0.1 mg/ml) for 4 h at 37 1C. Cleavage products were separated using 10% non-reducing Tricine gels, and detected by western blot using anti-C3a antibody; purified C3a, NE, and MMP12 were loaded as controls. 
C3aR signaling is critical in smoke-induced emphysema
We next examined the contribution of the C3aR in smokeinduced emphysema. C3ar À / À mice exposed to chronic cigarette smoke had less emphysema, as measured by quantitative microCT, hematoxylin and eosin staining of lung sections, unbiased stereologic morphometry of lung volumes as compared with WT mice exposed to cigarette smoke (Figure 5a, b) . We found no differences in total number of lymphocytes or À / À mouse lung tissue exposed to 6 months of smoke or air immunostained for expression of C3aR (green) or nuclei (blue; DAPI). Green arrows indicate C3aR þ cells. (e) to (h) Mouse BMDCs (2 Â 10 5 ) were treated with C3aR agonist (CAS 944997-60-8; 20 ng/ml) or vehicle (2% DMSO) for 48 h. Expression level of C3aR1, Il6, Mmp9, and Mmp12 mRNA were measured using qPCR (n ¼ 4 in each group; **Po0.01 and ***Po0.001 as determined by student t test). (i) Human CD1a þ lung mDCs (2 Â 10 5 ) were treated with purified human C3a (40 ng/ml) for 24 h or vehicle (media). Expression level of C3AR1 mRNA was measured by qPCR. n ¼ 3; **Po0.01 as determined by student t test. All gene expressions were normalized to 18S ribosomal RNA expression and analyzed by DDCt. Results are represented as mean ± s.e.m. from three independent experiments with 4-5 mice in each group (a-d). ANOVA, analysis of variance; BMDCs, bone marrow-derived dendritic cells; C3, complement protein 3; C3aR, C3a receptor; DAPI, 4',6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; mDCs, myeloid dendritic cells; MFI, mean fluorescent intensity; qPCR, quantitative reverse transcription PCR; WT, wild type. Scale bar: 20 mm.
macrophages that we recovered in the BAL fluid, but neutrophil recovery was significantly less in BAL fluid of C3ar À / À mice as compared with WT mice (Figure 5c ). Similar to our findings in C3 À / À mice, the quantity of mRNA specific for Mmp9 and Mmp12 obtained from BAL fluid cells in C3ar À / À mice was significantly lower when compared with WT mice treated the same way (Figure 5d, e) . Flow cytometry analysis of single cells isolated from whole lungs of mice showed a significant decrease in the relative abundance of CD11b þ CD11c þ mDCs in C3ar À / À as compared with WT mice, both exposed to smoke (Figure 5f ). Interestingly, the relative abundance of mDCs in whole lungs of C3ar À / À mice exposed to smoke was not significantly different from control mice exposed to air (Figure 5g) .
We detected a large of number of IL-17A-producing cells in naïve C3ar
À / À mice; the numbers of these cells paradoxically rose when these mice were exposed to cigarette smoke ( Figure 5h ). This increase in IL-17A-producing cells was accompanied by a comparable increase in gd T cells expressing IL-17 ( Figure 5h, i) , raising the possibility that signaling through C3aR negatively regulates this cell population which we previously showed plays a protective role in smoke-induced emphysema. 10 Quantitative RT-PCR revealed that the mRNA level of IL6 and IL1b in BAL fluid cells were reduced in C3ar À / À mice exposed to cigarette smoke when compared with WT counterparts, consistent with what was observed C3 À / À mice (Figure 5j, k) . Congruently, there was no increase in CD86 mRNA in BAL cells of the smoke exposed C3ar À / À mice ( Figure 5l) . We next examined the function of CD11c
þ lung mDCs isolated from WT, C3 À / À , and C3ar
À / À mice exposed to air or smoke. As expected, lung mDCs isolated from the lungs of WT exposed to smoke express IL-6 ( Figure 5m ) and when co-cultured with naïve CD4 T cells induced the production of IL-6 and IL-17 cytokines (Figure 5n) .
and C3ar À / À failed to express IL-6 ( Figure 5m ) or drive naïve T cells to express the same cytokine (Figure 5n) , suggesting that the mDCs from the C3-deficient mice are significantly less activated. These functional data provide further evidence that C3a-mediated signaling through the C3aR is necessary for the development of an inflammatory response to cigarette smoke that among other proinflammatory effects, involves the recruitment of CD11b
þ mDCs to the lung that drive Th17 cell differentiation and emphysema.
Increased lung deposition and plasma concentrations of C3 in smokers with emphysema
We next reasoned that if these same mechanisms were operative in humans with emphysema, we should expect to find abundant deposits of C3 and its fragments in lungs of smokers with emphysema. Immunohistological studies showed deposition of C3 in the airways and vascular endothelial cell of lungs removed from former smokers with emphysema, but not in those without emphysema (Figure 6a) . Furthermore, extensive analysis of human surgical lung tissue failed to show any evidence for bacterial pathogens, indicating that these deposits developed in the absence of acute infection (data not shown). Lung tissue from mice exposed to cigarette smoke likewise showed airway deposits of C3 (Figure 6b) .
Quantification of C3 concentration in the plasma of a well-characterized cohort of smokers showed a significant increase in C3 in the smokers with emphysema, and was independent of active exposure to smoke (Figure 6c , Supplementary Figure S4c, d) . The plasma C3 concentration also negatively correlated with the extent of airway obstruction as determined by the decreased ratio of forced expiratory volume in one second (FEV1) and forced vital capacity, but not with different stages of chronic obstructive pulmonary disease (Figure 6d, Supplementary Figure S4e) . In contrast, plasma C3a concentration in smokers with or without emphysema showed no significant differences, or correlation with airway obstruction (e.g., FEV1/forced vital capacity) (Supplementary Figure S4f, g ). The relatively rapid turnover of C3 during inflammation prompted us to search for a possible reduction in C3 clearance as a plausible mechanism for its increase plasma concentration and deposition in the lung tissue of smokers with emphysema. However, flow cytometry evaluation of lung mDCs in smokers with and without emphysema failed to show a significant difference in the expressional pattern of complement protein receptors such as CD46, CD55, CD95, or CD97 (Supplementary Figure S5) .
DISCUSSION
Indirect evidence suggests that smoking-induced activation and/or consumption of complement is associated with the development of emphysema. 24, 30, 31 The current report links these observations mechanistically at the molecular level and demonstrates for the first time how complement-derived C3a provides a means by which inflammatory cells may be recruited into lung parenchyma, and mDCs are activated following exposure to cigarette smoke. We show that in contrast to lung ) isolated from whole lung homogenates isolated from WT, C3ar À / À , and C3 À / À mice exposed to 6 months of air or smoke, were cultured in complete media for 3 days, and the concentration of IL6 in the supernatant was measured by multiplex assay. ***Po0.001 as determined by one-way ANOVA test with Bonferroni's multiple comparison. (n) CD4 þ splenic T cells isolated from naïve WT mice were co-cultured with CD11c þ mDCs shown in (m) in 10:1 ratio (CD4 þ T cells and CD11c þ mDCs) for 3 days, and the concentration of IL17 in the supernatant was measured by multiplex assay. CD4 þ T cells (2 Â 10 5 ) without CD11c þ mDCs was cultured for 3 days as control. ***Po0.001 as determined by one-way ANOVA test with Bonferroni's multiple comparison. All mRNA gene expression was normalized to 18S ribosomal RNA expression and analyzed by DDCt method. Results are expressed as mean ± s.e.m. from three independent experiments with 4-5 mice in each group. ANOVA, analysis of variance; BMDCs, bone marrow-derived dendritic cells; C3, complement protein 3; C3aR, C3a receptor; IL, interleukin; MFI, mean fluorescent intensity; mDCs, myeloid dendritic cells; micro-CT, micro-computed tomography; MLI, mean linear intercept; qPCR, quantitative reverse transcription PCR; WT, wild type. mDCs isolated from WT exposed to chronic smoke, those from C3 À / À and C3ar À / À mice fail to strongly induce IL-6 and IL-17 production in CD4 T cells. Together, these findings indicate that C3 acts as an upstream mediator in cigarette smoke-induced model of emphysema.
We show that the chemotactic anaphylatoxin, C3a, could be released from complement C3 in the presence of activated serine proteinase (e.g., NE, cathepsin G, etc.) and to a lesser extent, MMP12 that are prominently present in innate lung immune cells (neutrophils and macrophages). The interaction of complement and the infiltrating innate immune cells could create a positive feedback loop that results in C3a-mediated autocrine or paracrine signaling that upregulates C3aR expression. Specifically, we show that C3a signaling upregulates C3aR on the surface of mDCs, rendering them more responsive to C3a in the lungs, whereas mice lacking C3aR have reduced expression of CD86 when exposed to smoke.
Our in vivo data support a significant role for the generation of C3a that is upstream of the acquired immune responses to lung tissue elements found in end-stage emphysematous lungs of humans and in animal models of emphysema. The clinical significance of C3 activation in smoke-induced emphysema was further underscored by our findings that C3 fragments deposit on the lung tissue of smokers with emphysema. Similarly, we detected C3 fragments on the lung vascular endothelial cell in mice exposed to chronic smoke, a finding that has not been previously appreciated, but may be of significant importance given the strong association between smoking and vascular diseases in humans. 32, 33 Although these findings merit further examination of the spatiotemporal regulation of C3 activation in response to smoke, further dissection of their effect on vascular endothelial cells are beyond the scope of the current report.
Several complement proteins are acute phase reactants, including C3; consequently, although measurements of plasma complement levels are often elevated in the face of a prolonged inflammatory stimulus, they can also be depressed when sampling occurs before the acute phase response has started or if the disease causes such extensive catabolism that synthesis of new protein is not able to restore homeostasis. Although, previous studies have reported no change or a reduction in C3 serum concentration of smokers with chronic obstructive pulmonary disease, 30, 31 here, we found a significant increase in plasma levels of C3 that correlated with disease severity, but not with current smoking status. Furthermore, our data provide new insights into how C3a, cleaved from C3 by elastolytic proteinases (e.g., NE and MMP12), could drive a positive feedback loop that stimulates inflammation in lungs exposed to cigarette smoke.
Animal models of acute and chronic cigarette smokeinduced lung disease share similar characteristics with the innate and acquired inflammatory changes seen in the lungs of human smokers. 34 Specifically, an acute 3-day exposure to cigarette smoke results in sterile inflammation and activate the inflammasome pathways that facilitate recruitment of neutrophils, followed by macrophages, 35 in the lungs. This finding was first described in humans. 1 In contrast, we have shown that chronic smoke exposure results in a sterile inflammation that activates mDCs and induces a Th17 inflammatory response that results in autoimmune-mediated destruction of the lungs. 4 In this study, we show that activation of mDCs as determined by increased expression of co-stimulatory molecules such as CD86, results from autocrine/ paracrine signaling by C3a that stimulates C3aR expression and efficient induction of pro-inflammatory cytokines (e.g., IL-17 and IL-6). These findings provide a new insight into the link between innate immune activation of C3 molecule and smokeinduced sterile inflammation that could propagate autoimmune inflammation and Th17 responses. 9, 12 C3 plays a critical role in innate immune system activation, a task that is most often associated with protection against pathogenic insults.
36 C3 deficiency is associated with increased susceptibility to bacterial infection both in mice and humans. [37] [38] [39] Given the long duration (6 months) of smoke exposure in our mice, we routinely monitored for occult bacterial infection. We found a slightly increased rate of bacterial infection in C3 À / À mice (8/42) compared with WT (1/57) or C3ar À / À mice (1/41) irrespective of smoke exposure. We did not include mice with spontaneous pneumonia in our data analyses. It is interesting to note nevertheless that despite increased susceptibility to respiratory infection, C3-deficient mice were protected against smoke-induced emphysema. Nonetheless, because of the important role of lung microbiota, future studies should examine the effects of relative immune deficiency in smoke-induced emphysema in C3 À / À mice that are concurrently infected with respiratory pathogens.
C3 and its activated downstream products play a role in activation of the acquired immune system during the development of several autoimmune inflammatory diseases. For instance, lupus-prone mice depleted of C3 are protected from the development of organ injury; also, complement C3 inhibitor, acting upon sites of complement activation, effectively ameliorates collagen-induced arthritis. 40, 41 Further, the activation of C3 is required for effective trafficking of mDCs from the lung to the thoracic draining lymph node during influenza virus infection. 42 Our studies in C3 À / À mice provide new insights into complement's role in activation of lung mDCs and the generation of increased numbers of Th17 cells following exposure to smoke. Specifically, we show here that both conventional CD4 T cells expressing the ab chain of the T-cell receptor and T cells with known regulatory function 43 expressing the gd chain produce IL-17 cytokine. Normally in the lungs of mice exposed to smoke, there are a large number of gdT cells that express IL-17; mice deficient in gdT cells develop exaggerated emphysema when exposed to smoke. 10 In C3ar À / À mice exposed to smoke, we found an increase in the relative abundance of Th17 cells compared with WT mice. Relatively large numbers of Th17 cells was associated with a reduction in emphysema. This suggests that in C3ar À / À mice, the presence of IL-17-producing gdT cells may protect against smoke-induced emphysema. These findings were shown only in mice lacking C3aR, and not those lacking C3; the exact mechanisms that govern C3a signaling and recruitment of IL-17-producing gdT cell to the lungs of mice exposed to cigarette smoke remain to be determined.
Considering that symptomatic relief of airway obstruction is the only treatment available for management of emphysema, there is great need for better understanding of the pathogenesis of smoking-induced emphysema. Now that we have shown that activation of the C3a/C3aR axis plays an important role in its pathophysiology, it will be appropriate to look for agents that block C3 cleavage and/or suppress production or the activity of C3 fragments that can be used to treat this disease.
METHODS
Animals. WT C57BL/6 and C3
À / À (C57BL/6 background) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). C3ar À / À mice were backcrossed (greater than 10 generations) to C57BL/6 as previously described, 44 and were bred in the transgenic animal facility at Baylor College of Medicine. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine and followed the National Research Council Guide for the Care and Use of Laboratory Animals.
Characterization of human subjects. Plasma sample and lung tissues were collected from a total of 40 non-atopic current or former smokers, serially entered into the study; all smoker subjects had significant (420 pack-years) history of smoking (Supplementary Table S1 ). chronic obstructive pulmonary disease was diagnosed according to the criteria recommended by the National Institutes of Health-World Health Organization workshop summary and emphysema was detected on chest CT scan as previously described. 45 Smoking one pack of cigarettes per day each year is defined as one ''pack-year.'' Subjects were recruited from the chest or surgical clinics at Michael E. DeBakey Houston Veterans Affairs Medical Center hospitals. Studies were approved by the Institutional Review Board at Baylor College of Medicine, and informed consents were obtained from all patients.
Antibodies and reagents. Antibodies used for western blotting and immunohistochemistry of C3 and monoclonal anti-human complement component C3a antibody were purchased from R&D Systems (Minneapolis, MN); mouse anti-human complement C3b-alpha monoclonal antibody for detection of C3b and C3c was purchased from Chemicon, Millipore (Billerica, MA); mouse anti-human C3d were purchased from AbD Serotec (Raleigh, NC). Rabbit polyclonal antibodies for immunofluorescent and flow cytometry staining of murine C3aR was generously provided by Dr Scott Drouin from the University of Texas UT Houston Health Science Center as previously described. 44 Alexa-Fluor 488 conjugated Goat anti-Rabbit IgG was purchased from Invitrogen (Grand Island, NY).
Complement protein cleavage assay and identification of its fragments. Purified human C3 (5 mg; Complement Technology, Tyler, TX) was incubated for 4 h (h) at 37 1C with control (vehicle), or 0.5, 0.05, and 0.005 mg of human NE (EMD, Calbiochem, Darmstadt, Germany), human MMP9, MMP12 (Anaspec, Fremont, CA), human cathepsin G (EMD Millipore; Billerica, MA) and human proteinase 3 (Novoprotein, Summit, NJ) in a total volume of 50 ml diluted by substrate buffer (50 mM Tris, 50 mM CaCl 2 ). Equal concentrations of cleaved (proteinase treated) and intact (control vehicle treated) C3 protein were loaded on 10% non-reducing tricine gel and resolved using electrophoresis. After separation, proteins on the gel were transferred to nitrocellulose membrane by iBlot Gel Transfer Device (Life Technologies, Grand Island, NY). After blocking in 3% bovine serum albumin for 1 h at room temperature, western blotting was used to detect C3a, C3b-a, and C3d according to the manufacturer's instructions.
Mouse model of emphysema. Mice (8 weeks old) were exposed to active smoke from commercial cigarettes as described previously. 10 Briefly, mice were exposed to intermittent cycles of smoke (5 s) followed by 20 s of oxygen lasting 5 min per cigarette. Mice were given four cigarettes, 5 days a week for a total of 6 months. Intermittent cyclic delivery of smoke was designed to mimic puffing cycles in smokers and to prevent CO2-induced asphyxiation. Mice were given 10 min of rest in between cigarettes and total cigarettes were calculated to approximate 420 pack-years smoke exposure in humans. 10 Fortyeight hours following the last smoke exposure, mice were killed and BAL was collected by instilling and withdrawing 0.8 ml of sterile phosphate-buffered saline (PBS) twice through the trachea. Total and differential cell counts in the BAL fluid were determined with the standard hemocytometer and HEMA3 staining (Fisher Scientifics, Waltham, MA) of 200 microliter aliquots prepared with cytospin slides. Cytokine and chemokine concentrations in the BAL were measured by Milliplex kit (EMD Millipore) according to the manufacturer's instructions.
Micro-computed tomography (microCT) and mean linear intercept.
Quantification of lung emphysema in mice was determined by microCT volumetric and density measurements as previously described using the Animal Phenotyping Core in Baylor College of Medicine. 10 Briefly, anesthetized mice were placed in an animal mCT scanner (Gamma Medica, Northridge, CA), and completed images of the chest were used for emphysema quantification with Amira 3.1.1 software according to the manufacturer's instructions (Amira, San Diego, CA). In addition, mean linear intercept was used as a complementary method to quantify emphysema as previously described. 25 mRNA isolation and qPCR. Total RNA was extracted from mouse BAL cells with TRIzol (Invitrogen) following the manufacturer's instructions. cDNA was synthesized using RNase HRT (Invitrogen) and analyzed by using iQ SYBR Green Supermix in an iCycler (both from Bio-Rad, Hercules, CA). All gene probes, Mmp9 (Mm00600164_g1), Mmp12 (Mm00500554_m1), C3ar1 (Mm02620006_s1), Il6 (Mm00446190_m1), Il1beta (Mm00434228_m1), Cd86 (Mm00444543_m1) and human C3AR1 (Hs00269693_s1) were purchased from Applied Biosystems (Carlsbad, CA). All data were normalized to 18S ribosomal RNA (Hs99999901_s1) expression.
Lung APCs immune phenotype. Red blood cell (RBC)-free single-cell suspensions of the lung tissue were blocked with 2 ul per sample mouse Fc block (eBioscience, San Diego, CA) and labeled with fluorescent anti-B220, anti-CD11b, anti-CD11c, and anti-Ly6C/G antibodies (BD Biosciences, San Jose, CA), followed by detection of fluorescent signal using LSRII (BD, Franklin Lakes, NJ). Alternatively, RBC-free singlecell suspension of the lungs or BAL cells were blocked in 10% goat serum and 2 ul Fc block for 30 min on ice and then labeled with rabbit polyclonal antibody against mouse C3aR. Cells were washed with PBS three times and stained with Alexa Fluor-488-conjugated goat antirabbit IgG, along with primary antibodies; fluorescent signal was detected by LSRII.
In vitro T-cell co-culture and cytokine measurements. Mouse lung or spleen single-cell suspension was prepared by mincing whole organs through 40 mm cell strainer (BD Falcon, Franklin Lakes, NJ) followed by RBC lysis (ACK lysis buffer) (Sigma-Aldrich, St Louis, MO) for 3 min. Lung antigen-presenting cells were isolated from RBC-free whole lung cells labeled with paramagnetic bead-conjugated antiCD11c (Miltenyi Biotec, San Diego, CA) and separated using autoMACS (Miltenyi Biotec) according to the manufacturer's instructions. Mouse splenic CD4 þ T cells were isolated from RBC-free single cells suspension from WT naïve mice as described above; and lung CD11c þ mDCs were isolated from RBC-free single cells suspension from WT, C3 À / À , and C3ar À / À mice exposed to air or cigarette smoke. Mouse splenic CD4 þ T cells were cultured in complete media for 3 days in vitro with congenic CD11c þ lung mDCs (10:1 ratio, 2 Â 10 5 CD4 þ T cells and 2 Â 10 4 mDCs) in the presence of 1 mg/ml soluble anti-mouse CD3 (BD, Franklin Lakes, NJ). Milliplex kit was used to measure concentrations of a selected group of cytokines (IL-6, IL-17) according to manufacturer's instructions.
In vitro chemotaxis assay. Mouse bone marrow derived DCs (BMDCs) were differentiated using cells harvested from bone marrows of WT and C3ar À / À mice. Briefly, mouse femurs were flushed with RPMI supplemented with 10% heat inactivated fetal bovine serum (complete media) to extract bone marrow cells. RBCs in the crude cell suspension were lysed by ACK buffer and bone marrow cells were cultured in complete media with 10 ng/ml IL-4 and 20 ng/ml GM-CSF for 5-7 days to derive BMDCs. 46 Human monocyte derived dendritic cells were prepared from peripheral blood mononuclear cells (PBMCs) isolated from whole blood purchased from Gulf Coast Regional Blood Center. Briefly, PBMCs were purified using Ficoll-Paque Plus (GE Healthcare; Pittsburgh, PA) according to manufacturer's instruction. RBC-free PBMCs were seeded (9 Â 10 6 cells in complete media) in 6-well plates for 3 h at 37 1C and then non-adherent cells were removed by washing with sterile PBS. Adherent cells were cultured in complete media supplemented with 10 ng/ml human IL-4 and 50 ng/ml human GM-CSF for 5 to 6 days. Viable cells were suspended to a final working concentration of 1 Â 10 6 cells/ml in RPMI and 5 Â 10 4 cells were used in chemotaxis assays.
Chemotaxis was measured using 48-well chemotaxis chambers (Neuro Probe; Gaithersburg, MD) according to manufacturer's instruction. The chemotactic activity of C3a receptor agonist (CAS 944997-60-8 used at 100 ng/ml; Sigma-Aldrich), BAL fluid from WT and C3
À / À mice exposed to air or cigarette smoke was assessed against BMDCs in triplicate as previously described. 47 Briefly, BAL fluid supernatant were placed in lower chambers that were separated by 8-micron transfilters; BMDCs were placed on top chambers, and incubated at 37 1C for 1 h. In some experiments transfilters were harvested at 15-, 30-and 60-min time points. Transmigrating cells were enumerated at 20x magnification and cell numbers were reported as the average number of cells/field. 47 Chemotactic activity of cleaved C3 fragments was examined using chemotaxis assays as described above. Briefly, NE-or MMP12-cleaved C3 products were purified in PBS using 3kD columns (EMD Millipore) and were used in chemotaxis assay at 5 mg/ml as described above.
Immunohistochemical detection of complement protein. Human lung tissue specimens from smokers with and without emphysema collected by surgical resection, were embedded into cryo-conserve media (Tissue-Tek; Torrance, CA), and 5 mm lung sections were used for immune staining. Briefly, lung sections were fixed in ice-cold acetone, blocked in 5% non-fat milk, and incubated with primary antibody for 1 h. Lung sections were washed three times in PBST and signal was detected using fluorescent conjugated secondary antibodies. Nuclei were counter-stained with DAPI by HardSet kit (Vector Laboratories; Burlingame CA). Perfused mouse lung sections isolated from air control or smoke exposed mice were paraffin embedded. Briefly, following rehydration, and antigen retrieval, 48 lung sections were subjected to immunohistochemical analyses as described above. Images were detected by a Nikon ECLIPSE TE2000 microscope using NIS-Elements software version 2.30 and Leica DFC300 FX.
Characterization of complement regulatory receptors. RBC-free single-cell suspensions of the human lung tissue were labeled with fluorescent anti-CD4, anti-CD19, anti-CD11c and anti-CD1a antibodies (BD Biosciences) to identify respectively, T cells, B cells, Macrophages and mDCs. Complement regulatory proteins, were detected using fluorescent anti-CD46, anti-CD55, anti-CD93 and anti-97 (BD Biosciences), and signal was detected using LSRII (BD).
Quantification of C3 components in human plasma. C3 in heparinized human plasma was measured after samples were diluted (PBST with1% bovine serum albumin), detected using a sandwich ELISA (GenWay Biotech, San Diego, CA), according to the manufacturer's instructions. Briefly, Immulon ELISA plates were coated with 500 ng/ml chicken IgY anti-human C3 in PBS overnight at 4 1C. Plates were washed with PBST three times and blocked in 1% bovine serum albumin in PBS for 1 h at room temperature. Plasma samples and standards were diluted and added to the plates. After 2 h of incubation at room temperature, plates were washed with PBST for three times. HRP-conjugated chicken IgY anti-human C3 (20 ng/ml) was added to detect C3. After 1-h incubation at room temperature, plates were washed five times with PBST and developed by BD OptEIA TMB substrate (BD). Final readout was detected by absorbance at 450 nm. Concentration of C3a in plasma samples was detected using human C3a ELISA kit (BD) according to the manufacturer's instruction.
In vitro culture and stimulation of human lung mDCs. RBC-free single-cell suspensions of the human lung tissue were first labeled with CD1a antibody-conjugated beads and then CD1a-positive cells were isolated by AutoMACS according to the manufacturer's instruction (Miltenyi Biotec). After isolation, cells were counted and adjusted to a concentration of 1 Â 10 6 /ml. A total of 2 Â 10 5 cells were plated in each well of 96-well plates in triplicate and stimulated with purified human C3a or media alone for 24 h. Cells were then collected and lysed in TRIzol (Invitrogen) for further RNA isolation and analysis of C3AR1 expression.
Statistics. All statistical analyses were performed with the Prism software (GraphPad Software, La Jolla, CA). Data points in the figures show that the mean and error bars represent standard error of mean (s.e.m.). For the comparison of BAL cellularity and gene expression from air-and smoke-exposed mice, we used the Student's t test or oneway analysis of variance (ANOVA) test. C3 components concentration in human studies was analyzed by the Mann-Whitney nonparametric test. Linear regression evaluated the relationship between plasma C3 or C3a concentration and the FEV1/forced vital capacity ratio. For the comparison of CT quantifications of air-and smoke exposed mice, one-way ANOVA test with Bonferroni's multiple comparison was used. We considered differences significant when Po0.05.
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